Drilling is one of the most frequently used machining processes for glass fiber reinforced polymer composites due to the need for structural joining. In the drilling of composite laminates, Interlaminar cracking, or delamination has a detrimental effect on compressive strength of these materials. The delamination can be controlled by adopting proper drilling conditions. In this paper, the effects of feed rate and cutting speed on delamination and residual compressive strength of drilled GFRPs are studied. The objective is to find the optimal conditions for maximum residual compressive strength.
Introduction
Glass fiber reinforced plastics (GFRPs) are characterized by having a combination of high specific strength, high stiffness, and weight saving. As a result of these remarkable properties, GFRPs have attracted increasing attention for use in many industries [1] . However, GFRPs have specific characteristics that affect their machining behavior. The mechanisms of cutting composite materials are considerably distinct from those observed during cutting isotropic materials. Application expansion of composite materials calls for the use of different types of machining among them conventional drilling with twist drill is one of the most commonly used processes in the assembly of composite sub-components. However, some damages occur during drilling such as delamination, fiber pull out, matrix burning, etc. which degrade mechanical properties of the composite structures [2, 3] .
One of the most common damage mechanisms in GFRPs is delamination, in which the layers of the material separate from each other. Delamination can be caused due to localized bending in the zone sited at the point of drill contact. The interface is weaker in transverse strength as compared to the layers. Hence, its failure is dominated by the transverse stresses. The interface generally fails under tensile load applied normal to it. In addition, the delamination can take place due to compressive stresses in its in-plane direction causing buckling, which in turn, causes delamination. Delamination reduces the strength and stiffness and thus limits the life of a structure. Further, it causes stress concentration in load bearing plies and a local instability leading to a further growth of delamination that results in a compressive failure of the laminate. In these two cases, delamination leads to a redistribution of structural load paths that, in turn, precipitates structural failure. Hence, delamination indirectly affects the final failure of the structure thus affecting its life. Therefore, delamination is known as the most prevalent lifelimiting damage growth mode [4, 5] .
Depending on the size of the delamination, it can reduce the static and fatigue strength and the compression buckling strength. In order to measure the amount of delamination quantitatively, Chen [6] proposed an approach to obtain the value of the conventional delamination factor which assumes the form as Eq. (1). The conventional delamination factor is not appropriate owing to the fact that the crack size does not represent the damage magnitude properly. Furthermore, this procedure does not indicate the damage area. A novel approach devised to measure the delamination factor was proposed by Davim et al. [7] , namely the adjusted delamination factor, and calculated through Eq. (2). The first part of Eq. (2) shows the size of the crack contribution and the second part shows the damage area contribution. The coefficients  and  are calculated as below;
where D0 is the nominal diameter of the hole, Dmax is the maximum diameter of the damage hole, A0 is the area related to the nominal hole, Amax is the area related to the maximum diameter of the delamination zone and Ad is the delaminated area. Different parameters used in preceding equations are illustrated in Fig. 1 . In order to reduce the delamination, it is necessary to develop procedures to select appropriate cutting parameters, because an unsuitable choice could lead to unacceptable work material degradation. Several researchers investigated the effects of input variables, feed rate, cutting speed, and point angle of twist drill bit, on drilling-induced delamination. Davim and Reis et al. [8] [9] [10] [11] conducted a series of experiments on different composite materials including GFRPs, CFRPs, and metal matrix composites to understand the effects of drilling parameters on delamination and other characteristics of these materials. Their results show that delamination increases with feed rate and cutting speed. The effect of feed rate on delamination is more than that of cutting speed. Unlike them, the works conducted by Khashaba [12, 13] show that delamination decreases with cutting speed during drilling of woven-ply GFRP composite laminates; Gaitonde et al. [14] also reported that delamination decreases with cutting speed during high speed drilling of thin woven-ply CFRP composite laminates. They also observed that delamination increased by increasing drill point angle of drill bit. However, Kilickap [15] observed that the delamination tendency decreased with increase of point angle of twist drill during conventional drilling of UD-ply GFRP composite laminates. To summarize, almost all researchers reported that drilling-induced delamination increased with feed rate at any different cutting speed using various drill bits, while two different behavior for cutting speed and drill point angle were observed.
A few researchers studied the effect of cutting parameters on mechanical properties of drilled composites. Persson et al. [16] investigated the effect of hole machining damages on strength and fatigue life of carbon/epoxy laminates subjected to static and fatigue loads. They observed that hole machining damages significantly reduced the static and fatigue strengths of pin-loaded laminates; the effects on the strengths of compressively loaded laminates were less pronounced. Kishore et al. [17] studied the effect of the cutting speed, the feed rate, and the drill point geometry on the residual tensile strength of the drilled unidirectional glass fiber reinforced epoxy composites. They observed that feed rate had least influence and the cutting speed had maximum influence on residual tensile strength, and it increased substantially with an increase in cutting speed. Unlike them, Zarif et al. [18] observed that feed rate had the most important effect and cutting speed had the least effect on residual tensile strength of drilled woven glass/epoxy composites. Tagliaferri et al. [19] studied the tensile strength of the drilled specimens of GFRPs and found it to be independent of the damage extent. The bearing strength was, however, influenced by the damage and a reduction in damage was accompanied by an increase in the bearing strength. Capello and Tagliaferri [20, 21] investigated the influence of the drilling conditions on the residual mechanical behavior of the glass fiber reinforced composites subjected to a bearing load. They found that in order to improve the static bearing load (SBL) behavior of drilled holes, lower feed rate should be employed with the use of backing plate.
Although much researched have been done to understand the effects of drilling parameters on delamination and tensile strength of drilled laminates, none to date has studied the effect cutting parameters on residual compressive strength of composite laminates. This paper aims to study the effect of cutting parameters, feed rate and spindle speed, on the residual compressive strength of drilled GFRPs.
Experimental procedure

Materials and methods
The composite specimens for drilling tests were manufactured by hand lay-up method from Araldite LY556 epoxy resin reinforced with high strength E-glass woven fiber. The GFRP laminates were approximately 6 mm thick consisting of 12 plies and had an approximately 50% fiber volume fraction. After preparation, specimens of size 100 mm × 150 mm were cut according to the ASTM Standard D7137 / D7137M [22] .
All drilling experiments were conducted on the ANILAM radial drilling machine. To fix the specimens in the drilling machine an appropriate clamping system was used, shown in Fig. 2(a) . The standard HSS twist drills of 5 mm diameter were used for the experimental program. The tool was changed after every 5 experiments to avoid tool wear, and all tests were run without coolant. The holes were generated at the center of the specimen and each experiment was replicated three times. The compression experiments were carried out on an Instron 8033 testing machine.
The instrumentation and loading arrangement of the specimens in the buckling test rig is shown in Fig. 2(b) . All sides of the specimen are completely supported; the two vertical edges are supported in knife edges and the two horizontal edges supported in fixed supports. All specimens were loaded at a constant speed of 1.5 mm/min until failure. 
Plan of experiments
Drilling experiments were designed based on general full factorial design. Full factorial design means that in each complete trial or replication of the experiment all possible combinations of the levels of the factors are investigated. In some experiments, the difference in response between the levels of one factor is not the same at all levels of the other factors. When this occurs, there is an interaction between the factors. A factorial design is necessary when interactions may be present to avoid misleading conclusions. Furthermore, factorial designs allow the effects of a factor to be estimated at several levels of the other factors, yielding conclusions that are valid over a range of experimental conditions. Minitab16 was used to create the design matrix and analyze the results as statistical software. Two factors i.e. feed rate and spindle speed at three levels were used as input factors and delamination factor and residual compressive strength were considered as the main response factors. Input factors and their corresponding levels are given in Table 1 .
Results
After conducting drilling tests, the drilled holes were scanned with a digital scanner. Then, the scanned images were imported to a CAD software to determine the delamination factor according to Eq. (1).
Afterward, all drilled specimens were compression tested to find ultimate compression force. The values of residual compressive strength were calculated as the ratio of ultimate force to the remained section area after drilling, expressed as below:
where Fu, d, w and t are the ultimate compression force, the hole diameter, the specimen width and specimen thickness, respectively.
The design matrix, measured delamination factor, and residual compressive strength are reported in Table 1 . The analysis of variance for delamination is shown in The analysis of variance for residual compressive strength is summarized in Table 3 . According to the P-value column, we see that the feed rate and spindle speed significantly affect the residual compressive strength. The feed rate-spindle speed interaction has P-value of <0.0001, indicating significant interaction between these factors. To assist in the practical interpretation of the experiment, Fig. 3 presents plots of the two main effects. The main effect plots are just graphs of the response averages at the levels of the two factors. Notice that the feed rate has negative effect; that is, increasing the feed rate moves the average response downward. While, the spindle speed has a negative effect at the beginning and then its effect changes to positive. Table 3 . also shows contribution percentage of the factors and their interaction. The feed rate has the most contribution percentage, indicating it has the greatest effect on residual compressive strength. One of the main feature of analysis of variance is the adequacy of the underlying model. For this purpose, residual analysis is used as primary diagnostic tool. Through a study of residuals, many types of model adequacies and violations of the underlying assumptions can be discovered. The residuals for two-factor factorial model are:
where yijk is the observed response when feed rate is at the i-th level and spindle speed is at the jth level for the k-th replicate.
The residuals from the compressive strength data are shown in the Fig. 4 . A check of normality assumption could be made by plotting a histogram of the residuals, Fig .4(a) . Notice that this plot looks look a normal distribution centered at zero, indicating the normality assumption is satisfied. Also, the normal probability plot, Fig. 4(b) , shows nothing particularly troublesome. If the model is adequate, the residuals should be structureless; that is, they should contain no obvious patterns. A simple check is to plot the residuals versus the fitted values. From Fig. 4 (c) no unusual structure is apparent. Plotting residuals in time order of data collection is helpful in detecting correlation between the residuals. A plot of these residuals versus time is shown in Fig.  4(d) . There is no reason to suspect any violation of the independence or constant variance assumptions. To understand the interaction between factors, the graph of the average responses at each treatment combination is shown in Fig. 6(a) . The significant interaction is indicated by the lack of parallelism of the lines when feed rate is kept high. Notice that at low and medium levels of feed rate, the interaction is fairly small, as shown by the similar shape of the two curves. Fig.  6 (b) presents a contour plot of the surface generated by the prediction model for residual compressive strength. The contour plot indicates that the feed rate of 31.5 mm/min and spindle speed of 1000 rpm are the best choices to achieve maximum compression strength. To make a mathematical model showing the relationship between feed rate and spindle speed as input factors and residual compressive strength as response, polynomial regression model was adopted. Matlab software was used to generate the regression model and the result is shown in Eq. (6). This equation is useful for interpolation, that is, for predicting the residual compressive strength (σr) at factor levels between those actually used in the experiment. Fig. (7) shows response surface of corresponding regression model. 
Conclusion
In the current paper, the effect of drilling parameters on delamination and residual compressive strength of drilled GFRPs was investigated experimentally. Two drilling parameters i.e. feed rate and spindle speed at three levels, based on the full factorial design, were studied. Optimum drilling conditions for maximum residual strength was determined based on analysis of variance. The effect of feed rate on residual compressive strength was much more than that of cutting speed. Also, the relationship between feed rate, spindle speed and residual compressive strength was presented by polynomial regression model. 
